48
In higher eukaryotes, the structure and compaction of chromatin are considered as barriers 49 to genome activities. Epigenetic marks such as post-translational modifications of histones can 50 modify the structure and compaction of chromatin. The accessibility of protein factors to 51 these epigenetic marks is therefore of paramount importance for genome activities. We 52 reveal chromatin condensation fluctuations supported by mechanisms fundamentally distinct 53 from that of condensation itself. We show that accessibility of acetylated histone H4 to double 54 bromodomains is not restricted by chromatin condensation nor predicted by acetylation, 55 rather, it is predicted by chromatin condensation fluctuations. Histone acetylation was the first type of such modifications to be associated with gene 63 transcription (1) . Acetylation of histone, likely through the neutralization of positive charges, 64 decreases its affinity to DNA (2), alters nucleosome conformation (3), promotes the 65 association of transcription factors with nucleosomes (4), and causes chromatin 66 decondensation (5, 6), thereby providing possible mechanisms contributing to transcriptional 67 activity. New probes now allow real-time imaging of histone acetylation (7). Yet, histone 68 acetylation predicts the potential for gene transcription, rather than transcription itself. 69
Hypersensitivity to nucleases (8) has been the historical proxy to assess nucleosome 70 organization and chromatin accessibility, but this, and derived approaches do not inform on 71 chromatin dynamics in live cells (9). Advances in fluorescence microscopy techniques, 72 however, have allowed to probe the intranuclear milieu permeability to presumably inert 73 fluorescent particles and the mobility of chromatin interactants (10-14), chromatin motions 74 (15-19), or chromatin-bound DNA torsional dynamics (20) . These studies have revealed the 75 existence of multi-scale chromatin dynamics, which relations to chromatin acetylation and 76 accessibility remain poorly understood. 77
Here, we sought to directly assess the relationship between chromatin dynamics and 78 accessibility, and its dependence on histone acetylation and ATP-dependent mechanisms. To 79 do so, we leveraged in live cells the sensitivity to the local environment of a fluorophore 80 fluorescence lifetime, which was previously shown to report chromatin condensation states 81 in fixed cells (15). We combined this with direct assessment by FRET (Förster resonance energy 82 transfer) of the interaction between acetylated H4 histone and human TAFII250 double 83 bromodomain (21, 22), a module conserved in histone acetyltransferases, bromodomain and 84 extra-terminal domain protein families of transcriptional regulators, and ATP-dependent 85 chromatin remodeling factors (23, 24) . 86
A detailed spatiotemporal analysis under hyper-acetylation, ATP depletion, and the 87 combination of both conditions revealed spontaneous chromatin condensation fluctuations 88 that are affected by distinct and competing mechanisms dependent on acetylation, ATP, and 89
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We next examined the spatial organization of chromatin condensation fluctuations. 155
For EGFP alone, was slightly higher at the periphery than in the center of the nucleus (Δ < 156 0.005ns), showing that fluorescence lifetime fluctuations were somewhat sensitive to nuclear 157 localization regardless of protein tagging. Nevertheless, of EGFP-H4 in all conditions 158 exhibited between nuclear periphery and center a significant difference that was at least twice 159 larger than that of EGFP alone (Δ > 0.01ns) (Fig. 1F) , consistent with chromatin 160 condensation fluctuations at the periphery larger than in the center of the nucleus, in all 161 conditions. Thus, chromatin condensation and its fluctuations both exhibit radial 162 organizations within the nucleus. Nevertheless, the radial organizations of condensation and 163 its fluctuations are distinctly regulated since they respond differently upon acetylation and 164 metabolic perturbations. 165
166

Cell metabolism is required for chromatin de-condensation to correlate with its fluctuations 167
To clarify the relation between chromatin condensation and its fluctuations, we directly 168 assessed their level of correlation in a pixel-by-pixel, non-spatially biased approach ( Fig. 2A) . 169
While EGFP did not exhibit a correlation between ̃ and (r= -0.1759), EGFP-H4 did in 170 untreated condition (r=0.5318) as well as in +Ac condition (r=0.4829). Compared to untreated 171 cells, ATP depletion led to loss of correlation (r=0.0942) within a hyper-acetylated background, 172
and to weak anti-correlation without (r= -0.2447). Thus, correlation between ̃ and is 173 largely acetylation-independent but strongly ATP-dependent. Correlation reversal upon ATP 174 depletion further confirms that ATP-dependent mechanisms promoting chromatin de-175 condensation simultaneously hinder spontaneous chromatin fluctuations. 176
To assess how this correlation was related to chromatin localization, we split the pixel 177 population in four quadrants around the mean ̃ and and mapped them on the nucleus (Fig.  178   2B) . For EGFP alone, pixels of all quadrants distributed throughout the nucleus in both 179 peripheral and central regions. For EGFP-H4 in contrast, pixels from high quadrants (a, b) 180 were largely excluded from the central region, and pixels from the low ̃ and quadrant (c) 181
were more abundant at the center than that of any other quadrant. Compared to untreated 182 cells, hyper-acetylation or ATP depletion did not substantially change this pattern, thus 183 confirming previous results (Fig. 1) (Table S1 ). 196
Since TAFII250 is known to interact with acetylated lysines of H4 histones, we sought to also 197 ensure that hyper-acetylation would not deplete the excess of dBD-GFP. In this condition, the 198 slow population exhibited an apparent diffusion coefficient indistinguishable from that of the 199 slow population in untreated condition and its fraction increased to about 20% of total dBD-200 GFP. This is consistent with an increase in acetylated H4 histones capturing a larger amount 201 of dBD-GFP, but not to the point of free dBD depletion. 202
We thus proceeded to directly assess the interaction between EGFP-H4 and dBD-203 mCherry. Compared to cells expressing EGFP-H4 alone, cells expressing both EGFP-H4 and 204 dBD-mCherry exhibited a nuclear map of EGFP-H4 ̃ shifted to lower values (Fig. 3A,B) . 205
Significantly, both peripheral and central regions of the nucleus exhibited ̃ lower in the 206 presence of dBD-mCherry than in its absence (Δ̃> 0.04ns and 0.02ns, respectively), 207 indicating that FRET, and thereby an interaction occurs between EGFP-H4 and dBD-mCherry, 208 and apparently to a larger extent at the periphery (Fig. 3C) . Similarly in hyper-acetylation 209 condition, both peripheral and central regions of the nucleus exhibited ̃ lower in the presence 210 of dBD-mCherry (Δ̃> 0.06ns and 0.04ns, respectively). In ATP depleted cells, ̃ also exhibited 211 a drop in the presence of dBD-mCherry both at the periphery and the center (Δ̃> 0.05ns 212 and 0.03ns, respectively). This shows that accessibility of dBD to H4 histones does not require 213 ATP, just as chromatin fluctuations do, and still occurs in condensed chromatin condition (see 214 Fig. 1 ). However, in hyper-acetylated and ATP-depleted cells, the drop in ̃ was dramatically 215 reduced of near an order of magnitude both at the periphery and the center (Δ̃< 0.01ns and 216 0.001ns, respectively) such that ̃ distributions at the center with or without dBD were 217 indistinguishable, in the only condition that also led to a substantial decrease in chromatin 218 fluctuations (see above). Finally, the drops in ̃ were in all conditions larger at the periphery 219 than in the center of the nucleus, just as fluctuations were (Fig. 1) . 220
221
Chromatin accessibility domains are larger than condensation domains and accessibility 222 fluctuations are restricted by hyper-acetylation in an ATP-dependent fashion. 223
In the presence of dBD, similarly to Δ̃ reporting chromatin accessibility, l and Δ may report 224 the typical size of accessible domains and the occurrence of temporal fluctuations of 225 accessibility, respectively. 226
In the presence of dBD, l was higher than in its absence in all conditions examined (l 227 >36nm), which indicates that accessible chromatin domains are larger than condensation 228 domains (Fig. 3D) . The spontaneous fluctuation condition (-ATP) exhibited the largest 229 accessible domains (l=420nm) and the decrease in accessible domain size was smaller upon 230 addition of ATP and hyper-acetylation together (l=25nm) than upon any of the two (l=64nm 231 and l=130nm, respectively). Moreover, the discrepancy between condensation and 232 accessible domains sizes also decreased less upon addition of ATP and hyper-acetylation 233 (l=36nm) than upon any of the two (l=43nm and l=56nm, respectively). Altogether, this 234
indicates the existence of hyper-acetylation and ATP-dependent mechanisms partly 235 independent of chromatin condensation domains size that individually restrict accessible 236 chromatin domains size but are out-competed by ATP-and hyper-acetylation-dependent 237
mechanisms. 238
In the presence of dBD, was substantially higher than in its absence in all (Δ > 239 0.011ns) but the hyper-acetylated condition ( Of note, the spatial correlation length we measure corresponds to a volume that would 293 contain about 4.10 4 nucleosomes assuming a nucleosome concentration of 100 M (36). 294
295
Distinct mechanisms regulate chromatin condensation and its fluctuations 296
We have evidenced three remarkable features of chromatin condensation fluctuations. First, 297 these fluctuations are spontaneous, since ATP depletion results in an increase in fluctuation 298 amplitude (Fig. 1) . In agreement, in vitro reconstitution studies have shown that individual, 299 and arrays of nucleosomes undergo spontaneous conformational fluctuations across the µsec 300 to min timescales (37-39). Moreover, fixed cells also exhibit nucleosome fluctuations (17). We 301
propose that the activity of ATP-dependent chromatin remodelers is to some extent 302 detrimental to spontaneous chromatin condensation fluctuations (Fig. 4C ). This is stark 303 contrast with the regulation of chromatin condensation, since chromatin de-condensation is 304 ATP-dependent (Fig. 1) . Consistently with this, ATP-depletion promotes fluctuations in 305 condensed regions in particular (see -̃ anti-correlation in Fig. 2 ). Thus chromatin de-306 condensation and its fluctuations are supported by fundamentally distinct mechanisms. 307
Second, chromatin fluctuations are intrinsically dependent on chromatin sub-nuclear 308 localization, since their amplitude is consistently higher at the nuclear periphery regardless of 309 acetylation or metabolic conditions (Fig. 1) . This shows that radial heterogeneities in 310 chromatin fluctuations cannot be explained solely from radial heterogeneities in histone 311 acetylation and ATP-dependent remodeling activity. Thus, sub-nuclear spatial cues constitute 312 a distinct pathway regulating chromatin fluctuations. This is again in stark contrast with 313 chromatin condensation, which although exhibits radial heterogeneity too, requires ATP to do 314 so (Fig. 1) . 315
Third, we identify (1) acetylation-independent, ATP-dependent mechanisms and (2) 316 acetylation-dependent, ATP-independent mechanisms that each decrease spontaneous 317 fluctuations, but these are out-competed by (3) acetylation-and ATP-dependent mechanisms 318 restoring fluctuations closer to their spontaneous level (Fig. 1) . We propose that (1) ATP 319 hinders spontaneous fluctuations through activation of acetylation-independent, 320 transcriptional repressor-associated remodeling complexes, (2) factors binding to acetylated 321 chromatin restrict spontaneous chromatin condensation fluctuations in the absence of ATP, 322 but that (3) ATP promotes the release of these factors, thereby relieving part of the hindrance 323 (Fig. 5C) . Indeed, ligands of acetylated chromatin are widespread among ATP-dependent 324 remodeling complexes (24), and the release from chromatin of one of them was previously 325 provided ATP is present, and the opposite, when ATP is absent (Fig. S1) . Mechanisms of 330 interplay between chromatin acetylation and ATP-dependent remodeling are currently being 331 revealed (42, 43). Future studies will address the identification of the factors involved here. 332
333
Mechanisms underlying chromatin accessibility 334
Genome accessibility has mostly been assessed with biochemical approaches on isolated 335 nuclei on the basis of DNA sensitivity to some enzymatic activity (digestion, methylation…). 336 (44). Besides, a number of fluorescence imaging modalities has been applied to assess 337 intranuclear milieu permeability to inert fluorescent particles or chromatin interactants (11-338 14, 17, 45). Of note, some of these studies have showed that chromatin is almost as permeable 339 regardless of its condensation state. 340
Beyond mere intranuclear permeability or the mobility of chromatin interactants, we 341 probe here by FRET the direct interaction of chromatin with a domain of transcription factors. 342
Our approach thus provides a direct and quantitative assessment of chromatin accessibility to 343 biologically relevant molecules. Our results show that conditions that elicit chromatin 344 condensation do not suffice to impair chromatin accessibility (Fig. 3) . Consistently, chromatin 345 condensation domains do not restrict in size chromatin accessibility domains (Fig. 3) . This12 extend previous observations of condensation-independent chromatin permeability. We 347 show instead that chromatin condensation fluctuation level predicts accessibility level and 348 domains size better than condensation level and domain size do (Fig. 4) . That condensed 349 chromatin may exist in distinct fluctuation states with distinct accessibilities to transcription 350 factors may explain inconsistencies between previously reported condensed chromatin 351
permeability. 352
The mechanisms underlying chromatin accessibility to acetylated histones are directly 353 related to those affecting condensation fluctuations. Notably, accessibility is spontaneous, as 354 it occurs in absence of ATP, and it is distinct from acetylation level, since hyper-acetylation 355 severely impairs accessibility in the absence of ATP (Fig. 1) . Thus, acetylation level is alone a 356 poor indicator of accessibility. Consistently, in the presence of ATP, the accessibility increase 357 upon hyper-acetylation is somewhat modest (Fig. 1 ) when compared to the extent of hyper-358 acetylation (Fig. S1 ). This supports that, even with ATP, only a fraction of acetylated histones 359 is accessible within accessible domains. We propose that while ATP allows the release of 
acetylation. 368
In conclusion, we show that the critical determinant for chromatin accessibility is its 369 fluctuations, rather than its condensation. Moreover, these fluctuations are spontaneous, 370 intrinsically dependent on sub-nuclear localization, and under the control distinct and 371 competing mechanisms dependent on acetylation, ATP, and both. 
